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REMARKS 



Claims 1 and 9 have been amended to clarify the invention. Support for the amendments 
to Claim 1 can be found in paragraphs 0012 (for nematic phase) and 0047 (for cooling step) of 
the substitute specification previously submitted, for example. Support for the amendments to 
Claim 9 can be found in paragraphs 0019 (for nematic phase) and 0047-0048 (for cooling step 
and irradiating step) of the substitute specification previously submitted, for example. Claims 1 8 
and 19 have been added. Support for Claims 18 and 19 can be found in paragraph 0046 of the 
substitute specification previously submitted, for example. Claims 14-17 have been withdrawn 
from consideration as being directed to a non-elected species. If generic claims are allowed, 
rejoinder of Claims 14-17 is respectfully requested. 

The amendments do not raise the addition of new matter to the application. Applicant 
respectfully requests entry of the amendments and reconsideration of the application in view of 
the amendments and the following remarks. 

Rejection of Claims 9 and 10 Under 35 U.S.C. § 1 12 

Claims 9 and 10 have been rejected under 35 U.S.C. § 1 12, second paragraph, with regard 
to the indefinite term set forth in the office action. The Examiner asserts that it is unclear how 
the alignment is fixed. In Claim 9, the phrase "cooling the aligned liquid crystalline composition 
to a temperature lower than a glass transition temperature of the liquid crystal polymer" has been 
introduced to make the indefinite term clear, thereby obviating the rejection. Thus, Applicant 
respectfully requests withdrawal of the rejection. 

Rejection of Claims L 2, 9 and 10 Under 35 U.S.C. § 102 

Claims 1, 2, 9 and 10 have been rejected under 35 U.S.C. § 102(b) as being anticipated by 
US 5,620,781 (Akashi et al.). Applicant respectfully traverses this rejection. 

The Examiner asserts that Akashi et al. discloses in paragraph bridging cols. 30-31 that 
after the substrate is coated with the liquid crystal polymer which is in a liquid crystal state, 
homeotropically aligning the liquid crystal polymer by heating. However, contrary to the 
Examiner's assertion, Akashi et al. discloses in the same parts: "when the medium is imagewise 
heated by means of a thermal head or a laser beam to become isotropic and then rapidly 
quenched, the heated part is fixed in the isotropic state to constitute a transparent recorded part." 
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(Emphasis added) That is, Akashi et al. discloses "isotropic" not "homeotropic." Homeotropic 
requires perpendicular (See Fazio et al., page 3 as enclosed herewith). Isotropic just means all 
same. Fazio et al., page 1 1 shows the homeotropic to isotropic phase transition. 

On the other hand, Akashi et al. discloses that suitable orientating films (8) include those 
for homogeneous orientations, but never discloses that liquid crystal polymer layer (3) is 
homeotropically aligned (see column 30, lines 31-32). 

Further, the Examiner asserts that Akashi et al. discloses in col. 30, lines 52-53 that a 
substrate on which a vertical alignment film is not formed. However, contrary to the Examiner's 
assertion, Akashi et al. discloses in the same parts: "it is the simplest system, requiring no 
orientation of the liquid crystal molecules." This means that in Akashi et al., the liquid crystal 
molecules can be used without orientation and therefore this disclosure in Akashi is irrelevant to 
the present invention which requires homeotropic alignment . Akashi et al. does not disclose 
homeotropically aligning the liquid crystal polymer on a substrate on which a vertical alignment 
film is not formed. 

Accordingly, Akashi et al. fails to disclose every element of the claimed invention, and 
withdrawal of the rejection under 35 U.S.C. §102 is respectfully requested. 

Rejection of Claims 1, 2, 9 and 10 Under 35 U.S.C. § 102 

Claims 1, 2, 9 and 10 have been rejected under 35 U.S.C. § 102(b) as being anticipated by 
US 5,730,900 (Kawata). Applicant respectfully traverses this rejection. 

Claim 1 as amended herein recites: heating the liquid crystal polymer to form a 
homeotropically-aligned liquid crystal polymer which shows nematic phase. Nematic liquid 
crystals are liquids of rodlike molecules displaying a long-range orientational order (see 
page 1, right column of Golestanian et al. as enclosed herewith). That is, the 
homeotropically-aligned liquid crystal polymer of the present invention is rod-like liquid 
crystals, whereas discotic liquid crystals of Kawata are disc-lik e liquid crystals as shown in 
the below figures. In addition, "nematic" is entirely different from "discotic nematic" which 
requires no long-range order (see Kumar, page 199 as enclosed herewith). At least for this 
reason, Claim 1 is distinct from Kawata. 
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Nematic (Rod-like shape) Discotic (Disc-like shape) 




Homeotropic alignment 



Further, although Kawada discloses a mixture of a liquid crystalline polymer 
and nonliquid-crystalline polymer (see column 31, line 67), Kawata does not disclose the 
specific liquid crystal polymer recited in Claim 1 . The side chain type liquid crystal polymer 
used in the present invention is a polymer of a monomer unit (a) containing a liquid 
crystalline fragment side chain and a monomer unit (b) containing a non-liquid crystalline 
fragment side chain. That is, the liquid crystal polymer contains both the monomer unit (a) 
and the monomer unit (b) in a single molecule , which is entirely different from the mere 
mixture of a liquid crystalline polymer and a nonliquid-crystalline polymer. 

Accordingly, Kawata fails to disclose every element of the claimed invention. Thus, 
Claim 1 as well as Claims 2, 9 and 10 could not be anticipated by Kawata. It is respectfully 
requested that the rejection under 35 U.S.C. § 102(b) be withdrawn. 

Rejection of Claims 1, 2, 9 and 10 Under 35 U.S.C. § 102 

Claims 1, 2, 9 and 10 have been rejected under 35 U.S.C. § 102(e) as being anticipated by 
US 6,379,758 (Hanmer et al.). The claims as amended herein could not be anticipated by 
Hanmer et al. as explained below. 

The liquid crystal polymer used in the present invention is homeotropically aligned on a 
substrate on which a vertical alignment film is not formed because the liquid crystal polymer 
contains both the monomer unit (a) and the monomer unit (b) in a single molecule . The 
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monomer unit (a) is also homeotropically aligned by action of the monomer unit (a) presented in 
the same molecule. 

Hanmer et al. fails to disclose the above significant feature. In Hanmer et al., even if a 
first monomer corresponding to the monomer unit (a) and a second monomer corresponding to 
the monomer unit (b) are used, they should be used in admixture since these monomers do not 
exist in a single molecule. Therefore, a homeotropically-aligned polymer can not be obtained 
from the first monomer and the second monomer on a substrate on which a vertical alignment 
film is not formed. 

The Examiner points out that there exists no limitation in the instant claims requiring the 
liquid crystal polymer to be a polymer before applying it to the substrate. In response to the 
Examiner's assertion, Claims 1 and 9 have been amended to recite "said liquid crystal polymer 
being a polymer prior to the coating thereof and being capable of homeotropic alignment by 
heating." 

According to the claimed invention, some advantages can be obtained by using liquid 
crystal polymer instead of liquid crystal monomers. Since a liquid crystal polymer used in 
Claim 1 does not have any reactive groups, stability (no reaction) can be obtained after 
forming a film. In contrast, a liquid crystal monomer used in Hanmer et al. is not stable 
since reactive groups remain in a film. Further, if a film formed by a liquid crystal polymer 
is oriented, the alignment is not easy to be disordered. Furthermore, Hanmer et al. requires 
irradiating ultraviolet to fix the alignment of liquid crystal monomers, whereas the present 
invention recited in Claim 1 does not require it due to using a liquid crystal polymer, thereby 
decreasing the number of manufacturing processes. 

Accordingly, the processes disclosed in Hanmer et al. are entirely different from the 
present invention. Hanmer et al. fails to disclose every element of the claimed invention, and 
withdrawal of the rejection under 35 U.S.C. § 102(e) is respectfully requested. 

CONCLUSION 

In light of the foregoing, it is respectfully submitted that the present application is in 
condition for allowance. Should the Examiner have any remaining concerns which might 
prevent the prompt allowance of the application, the Examiner is respectfully invited to contact 
the undersigned at the telephone number appearing below. 
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credit overpayment to Deposit Account No. 11-1410. 

Respectfully submitted, 
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Abstract 

Mono-layers of stearic and behenic acids deposited with the Langmuir- 
Blodgett technique, were used as aligning films in nematic liquid crystal 
cells. During the-filling process the liquid crystal adopts a deformed 
quasi-planar alignment with splay-bend deformation and preferred ori- 
entation along the filling direction. This state is metastable and trans- 
forms with time into homeotropic once the flow has ceased. The tran- 
sition is accompanied by formation of disclination lines which nucleate 
at the edges of the cell. The lifetime of the metastable splay-bend state 
was found to depend on the cell thickness. On heating, anchoring tran- 
sition from quasi-homeotropic to degenerate tilted alignment in form of 
circular domains takes place near the transition to the isotropic phase 
The anchoring transition is reversible with a small hysteresis 



1 Introduction 



Liquid crystal cells exhibiting uniform orientational alignment over large 
areas are required in most device applications. The usual techniques used 
to obtain a preferred orientation, or anchoring direction, relay on induc- 
ing physical or chemical interactions between a prepared substrate and the 
liquid crystal molecules [1]. Among them the Langmuir-Blodgett (LB) tech- 
nique, which enables the deposition of organic aligning films with controlled 
molecular order and thickness and very high reproducibility [2,3], is still in 
a research state but represents a high potential for future display alignment 
m an industrial scale. 

When a substrate has been covered with a LB mono-layer, a possible 
aligning mechanism for a liquid crystal is that the molecules penetrate into 
ST °f a ip J atlC Chains - The y «*» ^0Pt the orientation of these chains, 
Trtr^at [ ] h ° me ° tr ° pic ° r Conical anchorin g> depandtag on the chains' 
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Table 1: Long-chain fatty acid compounds used in this 



experiment. 



Common name Structure Abbreviatio n 
stearic C17H35COOH Q8 

behenic CaiHjjiCOOH C22 



In this work mono-layers of stearic (C18) and behenic (C22) acids were 
used as aligning layers in nematic liquid crystal (NLC) cells for obtaining a 
uniform homeotropic surface-induced orientation. [4,5] The alignment was 
studied during the filling process and pursued during the relaxation to the 
equilibrium state. The temperature stability of this state was also investi- 
gated. 



2 Experiment 
2.1 Film preparation 

Mono-layer formation was achieved by spreading a solution of stearic or 
behenic acid (see Table 1) on the surface of ultrapure Milli-Q water in a LB 
trough (KSV 3000) held in a clean room environment to limit contamination 
of the trough by dust. 

The substrate used in the experiments was tin oxide (ITO) coated glass 
Glass plates were cut to a size of 75 mm x 30 mm and pre-cleaned in an 
ultrasound bath filled with ultrapure water to eliminate the bigger dust 
particles and the residues from cutting. They were then cleaned during 8 
minutes in an ultrasound bath filled with a mixture of 5 parts of H 2 0, 1 part 
of NH 3 , and 1 part of H 2 0 2 at a temperature of 80°C. Finally they were 
rinsed in a three stage cascade with Milli-Q water and again rinsed and dried 
in a centrifuge. With this procedure we could eliminate both organic and 
inorganic contaminations. The glass plates were stored in the clean room so 
that they could last cleaned for at least two weeks. 

The stearic and behenic solutions were made to a concentration of 1 mM 
m Merck chloroform. The sample material was spread on the water surface 
with a clean, all glass, Hamilton syringe. After a time lapse of ca. 10 minutes 
to allow the solvent to evaporate, the monolayer was compressed at a a rate 
of approximately 0.3xl0~ 3 (nm 2 s^molecule" 1 ) until the requested pressure 
was reached. 

The glass substrates were immersed in the sub-phase before spreading 
the mono-layer, and the transfer to the glass occurred during the extraction 
of the glass from the sub-phase at a controlled speed (lOmm/min), keeping 
the surface pressure constant. 
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Figure 1: Cross-section of a cell. The 
CD glass substrate ^ LB film IT 9 layer is in the inner Part of the cell 

E7Z7] .. . „_ with the LB film on top of it. The pro- 

m Mylar spacers ^ ,T0 portions are symbolic. 

2.2 Cell fabrication and observations 

Sandwich cells were made with the ITO layers in the inner part (Figure 1) 
and spaced with polyester of various thickness supplied by Mylar. Care was 
taken not to touch, and thus contaminate, the inside surface of the cells 

The cells were capillary filled with MBBA (supplied by Aldrich) at room 
temperature. The observations on them were made with a microscope where 
the sample is inserted in a hot stage between crossed polarisers. Due to the 
birefringence of liquid crystals the planar phase, where the molecules lie 
parallel to the planes of the polarisers, appears very coloured and changes 
appearance as the sample is rotated. On the other hand, the homeotropic 
phase, where the long axis of the liquid crystal is oriented perpendicularly 
to the planes of the polarisers, looks uniformally dark. The microscope was 
also equipped with a video-camera connected to a computer: it was possible 
to take pictures of the samples at regular time intervals and then record the 
evolution of the alignment state. 

3 Results 
3.1 Isotherms 

In Figure 2 the surface pressure versus molecular area isotherms for films 
of stearic acid (C18) and behenic acid (C22) are shown. Table 2 provides a 
summary of the three mono-layer phases observed in the isotherms of Figure 



Table 2: Condensed mono-layer phases for fatty acids. (After Petty, 1996.) 



Phase Name Characteristics 

liquid-condensed Slightly tilted molecular chains '■ ~ 

L' 2 liquid-condensed Tilted chains, but with tilt direction in excess 

of 45° relative to L 2 phase; similar compressibi- 
lity as L 2 phase. 

S solid Upright molecules; less compressible than L 2 

and L' 2 phases; high collapse pressure. 
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Figure 2: (a) Surface pressure versus area per molecule isotherm for stearic acid 
We can distinguish the L 2 , or liquid-condensed phase [2], and the S or solid phase, 
(b) Surface pressure versus area per molecule isotherm for behenic acid. In addition 
to the L 2 and the S phases, here we have a slightly different liquid- condensed phase, 
the L' 2 phase. See Table 2 for the phase characteristics. 



The deposition pressure for the LB films was chosen at 20 mN/m. In 
this condition we have the liquid-condensed phase of the mono-layer for both 
compounds (see Figure 2). 

3.2 Alignment 

The cells were capillary filled with MBBA at room temperature (where 
MBBA is in the nematic phase). During filling we have the alignment con- 
dition in which the orientation of the MBBA molecules is quasi-planar with 
a preferred alignment along the filling direction: the molecules in the centre 
of the cell are essentially parallel to the substrate and a splay-bend de- 
formation in the NLC is induced by the presence of the aligning layer [6] 
(see Figures 3(a) and 3(b)). As soon as the flow stops, because the cell is 
completely filled with MBBA, domains of homeotropic alignment start to 
nucleate at the edges of the sample and continuously grow until the whole 
sample becomes homeotropic. 

An example of how the homeotropic domains expand in the cell is given 
in Figure 4. The line which devides the homeotropic domain from the quasi- 
planar one is found to be a disclination line of strength \S\ = 1/2. Such a 
disclination line should appear bright between crossed polarisers and dark 
between parallel polarisers (see Figure 5). 

A simple scheme of disclination lines of strength \S\ = 1/2 is depicted in 
Figure 6. Because of the LB aligning layer the defect moves into the quasi- 



3 RESULTS 



5 




Figure 3: (a During filling the orientation of the LC molecules is quasi-planar 
the rnolecules he parallel to the glass substrate) with a preferred alignment aW 
the filling direction. The molecules in the centre of the cell are essentia^ pTraUd to 
the substrate and a splay-bend deformation in the NLC is induced by the presence 
of the ahgnmg ,ayer [6]. (b) Conoscopic picture of a 22.3^ thick celf with alJSg 
CIS mono-layer dunng the NLC filling. The picture shows that the NLC is orien ed 
B3 ducted m Figure (a) [7]: the molecules in the center of the cell are ahgned n 

X^xsT;r a splay " bend structure is induced by the p — f th * 




fhftM t' Cel l^ twee " crossed P° laris <*s. The LB aligning mono-layer is CIS and 
the th.ckness of the cell is 12.5 M m. The cell is completely filled with MBBA the 

domam (light). The two pictures were taken with a time interval of 30 s. 
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( a ) (b) 



Figure 5: (a) Cell between crossed polarisers. The aligning mono-layer is C18 
and the cell thickness is 14.4 /xm. The disclination line appears bright, (b) The 
same cell, a few seconds later, now between parallel polarisers. The disclination 
line appears dark. 




f— + S = -1/2 s = 1/2 



Figure 6: Schematic model of disclinations of strength \S\ = 1/2. f is the 
filling direction. The parallel vertical lines represent the homeotropically aligned 
area. The black circles represent the singularities which move into the quasi-planar 
splay-bend deformed domain, (a) An S = -1/2 singularity propagates along the 
filling direction, (b) An S = 1/2 singularity propagates against the filling direction. 
When two such lines meet, the singularities annihilate (-1/2 + 1/2 =0), leaving a 
defect-free homeotropic domain. 
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20 30 40 50 

thickness / |xm 

Figure 7: Speed of expansion of the homeotropic domains as a function of the 
cell thickness, for cells with C18 and C22 as aligning layers. The dots are the 
experimental values and the dashed lines are fits to the function a + 6L~ 2 where a 
and b are two constants. ' 



planar area, the effect being the expansion of the homeotropic domain, 

A priori, we cannot know how much the fatty acid chains are affected by 
the filling flow. At a solid surface the flow velocity is zero but here it may not 
be zero in the boundary layer of the chains. Nevertheless we have in Figure 
3(a) depicted these chains as being unaffected by the flow and shown them 
in their homeotropic equilibrium (static) condition. Under this hypothesis 
the only driving mechanism behind the propagation of the splay-bend into 
homeotropic alignment is the elastic distorsion in the liquid crystal 

We measured the speed with which the homeotropic domains expand in 
the cells by taking pictures at fixed time intervals for several cell thicknesses 
The speed was calculated as the area covered by the front of the homeotropic 
domains in the time interval, divided by the length of the front and the time 
interval. The results are shown in Figure 7. 

For both mono-layer materials Figure 7 shows that the speed of expan- 
sion of the homeotropic domains decreases as the cell thickness increases 
For cells thinner than 12 /xm the speed of expansion of the homeotropic do- 
mains is even larger that the actual speed of filling, so that no relaxation 
process can be observed. 

Whereas the propagation speed of the disclination lines depends on the 
layers thickness, it does not depend on time. It is thus not a diffusive 
process. This conforms well with our previous hypothesis that the driving 
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mechanism is the elastic relaxation of the splay-bend deformation in the 
liquid crystal, because the elastic torque will everywhere be the same behind 
the propagating front. Its speed will therefore be directly related to the 
speed of relaxation. 

For a small disturbance of amplitude Sn and wave vector q we may write 
the elastic free energy density as 

F= l -Kq\5n)\ (i) 
where K is the characteristic elastic constant. The elastic torque 

then gives the dynamic equation 

d5n 0< . 

7 ^ + ^ <5n = 0 ' (3) 

where 7 is the viscosity of the liquid crystal. The characteristic time of 
relaxation is then 

where L is the cell thickness. In the present case this relaxation time towards 
the homeotropic state is proportional to the inverse speed with which the 
homeotropic domains expand in the quasi-planar domains, thus 

v ~ IT 2 . ( 5 ) 

We fitted the experimentally measured speed of expansion of the homeotropic 
domains to functional relations and found, instead (cfr. Figure 7), a good 
agreement with 

v = a + 6L~ 2 . (e) 
As L —¥ 00, v — > a, and we may write 

v = v s + bL~ 2 , (7) 

where v s is a velocity of the order of 1 /xm/s. As v s is independent on L we 
interpret it as characteristic of the surface, coming from a rapid relaxation 
in the boundary layer of the chains, which propagates the homeotropic state 
into the liquid crystal bulk. We thus have to conclude that the chains are 
distorted by the filling flow, but rapidly and forcefully relax to their equilib- 
rium (static) state. In other words, we believe that the LB film itself does 
have an active role in the dynamics of the alignment transition. Therefore 
Figure 8 probably shows a more correct picture of the surface anchoring 
than Figure 3(a) which corresponds to our original hypothesis. 



3 RESULTS 



9 




Tit u - (a) ^ Urmg filHng the LB boundar y ^yer seems to be strongly influenced 
with the chains aligning along the filling direction, (b) When the flow stops the LB 
film and the splay-bend deformed liquid crystal both contribute to the relaxation 
towards the homeotropic state. 




(a) 



(b) 



Figure 9: (a) Conoscopic picture of a 14.4 M m thick cell with C18 as aligning 
layer: a very good homeotropic alignment is achieved, (b) Conoscopic picture of 
a 16.7 /xm th.ck cell with C22 as aligning layer: the alignment is not homeotropic 
and not well defined. For both mono-layer materials the alignment is found to be 
independent on cell thickness. 
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■ The homeotropic alignment was studied by conoscopy and the conoscopic 
pictures of samples with the two aligning layers are shown in Figure 9 As 
we can see from the figure, a good homeotropic alignment was obtained with 
L18 as ahgmng layer and a much less good one with C22 as aligning layer 
We beheve that the reason for the different anchoring properties should be 
traced to the behaviour of C18 and C22 at the air-water interface, i.e in 
the isotherms of Figure 2. At the deposition pressure of 20mN/m C18 is in 
the liquid-condensed L 2 phase, while C22 is in the slightly more condensed 
hqmd-condensed L 2 phase, where the molecules are strongly tilted with 
respect to the molecules in the L 2 phase. It is likely that this large tilt of 
the behenic acid chains causes a large pretilt of the NLC molecules instead 
of homeotropic alignment. 

The alignment was found to be independent on the cell thickness, indi- 
cating the main role of the mono-layer material. 

3.3 Anchoring transition 

On heating, we observed a first-order anchoring transition [4] in a very 
narrow temperature range, just below the clearing point. At the transition 
a set of bright circular domains with dark crosses appear in the sample- at 
constant temperature, they grow and colalesce, forming larger domains The 
appereance of these domains between crossed polarisers is consistent with a 
degenerated tilted orientation of the NLC molecules, or conical anchoring 
also expected in the case of LB aligning films [1]. 

On increasing the temperature, the transition to the isotropic phase takes 
place inside the domains (Figures 10(a) and 10(b)). On cooling from the 
isotropic phase the bright domains appear again and the transition to the 
nematic phase takes place inside the domains (Figures 10(c) and 10(d)) 

Following Safran et al. [9], we think that the surfactants molecules are 
arranged m sohton-antisoliton pairs randomly distributed over the substrate 
area. Depending on the length of the tails and on the temperature, those 
structures can be large enough to prevent the uniform homeotropic align- 
ment, which may be the case in the C22 mono-layer. If the soliton-antisoliton 
pairs are not too large, they can give a uniform homeotropic alignment in 
the bulk. However, they are the germs of the conical structures appearing 
at the anchoring transition. 



4 Conclusions 

The surface induced homeotropic alignment in NLC cells by LB mono-layers 
of stearic and behenic acids has been investigated. Stearic acid was found 
to be very good for aligning NLC in the homeotropic state, whereas behenic 
does not give a well defined alignment. 
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(c) 



(d) 



Figure 10: (a) Nematic to isotropic phase transition in a cell with C18 as 
aligning layer. The dark gray background is the homeotropic phase. In the circular 
domains the alignment is conical. The isotropic phase appears inside the domains, 
(b) Scheme of the homeotropic to isotropic phase transition, (c) Isotropic to nematic 
phase transition in the same cell. Now the dark background is the isotropic phase 
and in the circular domains the alignment is again conical. The homeotropic state 
appears inside the domains, (d) Scheme of the isotropic to homeotropic phase 
transition. 
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Casimir Torques between Anisotropic Boundaries in Nematic Liquid Crystals 
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Fluctuation-induced interactions between anisotropic objects immersed in a nematic liquid crystal 
are shown to depend on the relative orientation of these objects. The resulting lon™ge "cSS 
torques are explicitely calculated for a simple geometry where elastic effects are fb T OuTZdy 

t^SZSZ^T^-T^ ? ^ ^ ° f iS ° tr0piC WallS ' ,eads t0 new p^p 

ror experimental tests of Casimir forces and torques in nematics. 



Pacs numbers: 68.60.Bs, 61.30.Hn, 61.30.Dk 

In the last decade, much theoretical attention has 
been paid to "Casimir" forces in structured complex flu- 
ids [1-3]. The pioneering work of Casimir showed that 
two uncharged conducting plates attract each other in 
vacuum, due to the modification of the electromagnetic 
fluctuations imposed by the plates [4]. In complex flu- 
ids, similar interactions should exist between embedded 
objects, as the thermal fluctuations of the medium's elas- 
tic distortions are restrained by the boundary conditions 
imposed by the objects. These interactions are believed 
to act between bounding surfaces or immersed inclu- 
sions in critical fluids or superfluids [5,6], in liquid crys- 
tals [7-10], in bilayer membranes [11-13],. and also be- 
tween rodlike polyelectrolytes [14-17]. Nematic liquid 
crystals are anisotropic fluids with a quadriipolar long- 
range order. They are considered as good candidates for 
the direct observation of "Casimir" interactions in com- 
plex fluids. However, clear experimental evidences have 
to date been scarce [2]. This is probably due to the weak- 
ness of fluctuation-induced effects when compared to that 
of permanent elastic distortions, which are often present. 

Although nematic liquid crystals are well-known to dis- 
play orientational effects [18], no "Casimir" interaction 
directly connected to these orientational properties of ne- 
matics have so far been discussed. Here, we demonstrate 
that thermal fluctuations in nematic liquid crystals can 
induce torques between bounding surfaces [19]. The ex- 
istence of "Casimir" torques between objects embedded 
in complex fluids is usually caused by the anisotropy in 
the shape of the objects [12,15,17]; here we report on a 
more subtle effect occurring between infinite plates with 
translational symmetry. To emphasize the "Casimir" ef- 
fect, we focus on a situation in which no average elastic 
distortion is present: two parallel plates with a surface 
energy favoring an orientation of the local average molec- 
ular alignment (director) perpendicular to the surfaces. 
The ground state is therefore the distorsionless state in 
which the director is everywhere perpendicular to the 
boundaries. A "Casimir" torque can arise due to the 
anisotropy in the rigidity of the surface energy: we as- 
sume that deviations from the preferred normal surface 
orientation is easier in one direction than in the orthogo- 
nal one. (This property can be experimentally obtained 
from a grating surface treated for homeotropic anchor- 



ing [20], or by depositing on top of a substrate which is 
conventionally treated to give planar anchoring a very 
thin layer of a material promoting homeotropic anchor- 
ing [21].) In this geometry, we calculate the "Casimir" 
interaction, and show that it depends not only on the dis- 
tance between the two plates, but also on their relative 
orientation. At the end of the paper, we argue that this 
leads to effects easier to measure than the direct force 
between the plates. 

Nematic liquid crystals are liquids of rodlike molecules 
displaying a long-range orientational order. The local 
average molecular axis is represented by a unit vector 
±n, called the "director". The bulk ground state corre- 
sponds to a uniform director field and the Prank elas- 
ticity describes the free energy associated with gradi- 
ents of the director [22]. Bounding plates often favor 
some orientation of the director: this phenomenon is 
known as anchoring [18]. The simplest situations cor- 
respond to a preferred orientation normal to the plates 
(homeotropic anchoring) or parallel to the plates (pla- 
nar anchoring). Here we employ a path integral method 
to study the "Casimir" energy of a nematic liquid crys- 
tal confined between two parallel plates at a separation 
d, at which we assume an homeotropic anchoring with 
anisotropic strength as described above. We calculate the 
fluctuation-induced interaction between the two plates 
when the axes of weakest anchoring strength are placed 
at a relative angle 6 (see Fig, 1), and find 



fc=i 



cos fc 20 



(1) 



per unit area of the plates. The angle dependence in this 
interaction shows that the plates experience a long-range 
fluctuation-induced torque, that decays algebraically as 
l/d , and tends to align the directions of weakest rigidity 
We start with the broken symmetry configuration of 
lowest energy, in which the director field is aligned along 
the^-axis, and restrict ourselves to small fluctuations 
6n - n - z of the director around this ground state (see 
Fig. 1). The bulk cost of such a fluctuation can be de- 
scribed by an effective Hamiltonian 

^ = jJIJd 3 T[V6n(r))\ (2) 



1 



which corresponds to the usual one-constant (K) approx- 
imation of the Prank elasticity [22,18], The anisotropic 
homeotropic anchoring surface energy is accounted for by 
the surface Hamiltonian 

(3) 

where 6n (r x ) = <Sn(r ±) 0) and Jn+(r ± ) = £n(r_L,d), 
and W and W + are positive definite constant tensors 
that entail the anisotropy of the surfaces and their rel- 
ative orientation. We assume that the two surfaces are 
identical in nature and we define W" = ^ max x"® x~ + 

W min y'®y~ and W+ = W m ^Z+®S+ + W m]n y+®y+, 

where x ± and y* denote the hard and weak axis on 
plate ±, respectively (see Fig. 1). The eigenvalues W max 
and W min naturally define two extrapolation lengths 
Amin = K/W meLX and A max = K/W min [18]. We assume 
extreme anisotropy, namely A min < A max . 




FIG. 1. Sketch of a fluctuation of the bulk director field 
n(r) (thin line) around its mean value z (bold line). The 
two anisotropic plates impose a homeotropic anchoring (i.e., 
the preferred surface value of n is z) characterized by an 
anisotropic anchoring elasticity: deviations from z are easier 
in the "soft" directions y± than in the "hard" directions x ± . 
In this geometry, the fluctuation-induced "Casimir" interac- 
tion between the plates depends both on their separation d 
and their relative angle 9. 

"Casimir" effects arise from the quantization of the 
fluctuation modes by the boundaries (essentially from the 

Z = J 2><5n(r)PZ 1 (rx)2>ia(r J .)CT 3 (rjL) T>U(t x ) <*p j~ 

+ * J J d2v ± [h{r x )5n-(r x )<x~ +l 2 ( T± )d z 6n-{r x ) 

where k = K/k B T. The integration over the director field is 



suppression of modes of wavevector smaller than 2-Tr/d). 
The actual effect of the boundaries on a fluctuation mode 
of wavevector q ~ 2iv/d is a function of the product q\ t 
where A is the extrapolation length corresponding to the 
considered polarization of the fluctuation. Depending on 
the relative values of A min , A max and d, three different 
regimes occur: (i) For A min <c A max « d the constraints 
are effectively hard in both directions and the anisotropy 
is washed out at leading order, (ii) For A min < d < A max 
the director field is subject to a hard constraint in the 
x direction while it is virtually free in the (perpendic- 
ular) y direction, (iii) Finally, for d < A min <r A max 
both directions allows almost free fluctuations and the 
anisotropy is lost again at leading order. To emphasize 
the effect of the anisotropy, we thus focus on the case 
where A m i n < d < A max . 

Following Ref. [7], we now proceed to calculate the par- 
tition function for the director fluctuations, using Ti + H s 
as the total Hamiltonian. The quantum mechanical de- 
scription of the partition function [7], which treats z as 
an imaginary time variable, helps us gain a useful insight 
into the meaning of the boundary conditions. From the 
"imaginary time action" H y one can define the "momen- 
tum" conjugate to a component of 5n as P Sn = K d z Sn. 
Then, one can go from coordinate space to momentum 
space. In particular, at the boundaries one finds out that 
Pe n is quadratically confined by the tensor W" 1 and thus 
acts opposite as compared to 5n. In other words, there 
is an uncertainty principle relating the fluctuations of Sn 
and d z Sn as A(Sn)A{d z 6n) ~ ksT/K. In light of this, 
one can argue that the boundary condition of nearly free 
fluctuations in the soft direction is asymptotically equiv- 
alent to setting d z 5n = 0. Note that this is equivalent to 
assuming that the directors cannot bear torques due to 
the freedom of rotatipn in the soft direction. 

With the above justification, we can employ a some- 
what less involved path integral formulation [1,6] us- 

0, 



ing the following boundary conditions: Sn* 



The partition function of the fluctuat- 



ing director field subject to the above constraints can be 
written as 

Z = J V6n(r) 6{6n- . 5T } 6{d x 5iT ■ y" } (4) 
x 5{Sn + ,x+} 6{d z 6n+ ■ x + } e ~ n ^ T , 

The functional delta functions can be written as integral 
representations by introducing four Lagrange multiplier 
surface fields: 

JIJd 3 r[V6n(T)} 2 (5) 
• y~ + h(r±) <Sn + (r x ) • x+ + i 4 (r x ) d z 6n+{r x ) • y + ] J , 
now Gaussian and can be easily performed. It yields 



in which 



* - jviM.) *Meu W<U) ^(cu) exp [^tj ^ <-Hu) M Q/3 ( qj .) W<u) J , 



(6) 



M(q) 
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~qe~ qd cos 9 


COS0 

Q 
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-e-i d s'm6 


-qe~ qd cos 9 
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-9 



(7) 



where 9 is the angle between the corresponding soft axes 
of the two plates (see Fig. 1). The remaining integra- 
tion over the Lagrange multiplier fields can be performed 
to giye In 2 = -I T In (det M(q x )), which leads to a 
simple expression for the free energy per unit area: 



(8) 



Integration over u then gives the final result Eq (1) 
above^ The function /(*) = ^ coa *( 2 (9)/*3 which 
describes the orientational dependence of the interaction 
has the structure of a zeta function that is commonly 
present in "Casimir" interactions. 

It is instructive to examine the limiting cases of plates 
m which the corresponding hard and soft axes are parallel 
or perpendicular to each other. For 9 = 0 the boundary 
conditions corresponds to a hard-hard configuration for 
one component of 5n and a soft-soft one for the other 
One can check that f(0) = C(3) * 1.20206 (C is the zeta 
function), thus we obtain exactly the same expression for 
the "Casimir" energy as in Ref. [7] for "alike" boundary 
conditions. On the other hand /(f) = -§£(3), which 
gives the same result as in Ref. [7] for "unlike" boundary 
conditions (0 = tt/2 corresponds to a soft-hard configu- 
ration for both components of 5n). 

Our calculation suggests two kind of experiments: (i) a 
direct measure of the torque exerted between two plates 
at a fixed separation, and (ii) a measure of force as a 
function of separation for plates at various angles. 

A possible experimental setup for the direct observa- 
tion of the fluctuation-induced torque could be a torsion 
pendulum similar to the one discussed in Ref. [23]. Our 
results imply that the torsion coefficient of the pendu- 
lum k (defined as the ratio between the torque r and the 
angular rotation AO) is corrected at 9 = 0 by an amount 



a » 7T 2 k B TR 2 

Ak = — x — — — , 
12 d 2 ' 



( 9 ) 

due to the "Casimir" effect. Here R is the radius of 
the plates of area irR 2 . Using the typical values k B T = 



4.1 x 10 dyncm, R = 1,5 cm, d = 10" 4 cm, one ob- 
tains Ak ~ 10- 5 dyncm. This accuracy may be reach- 
able using modern micro-manipulation techniques. 

A measure of the force-distance relation for various 
angles 0 could also be performed. An advantage of this 
procedure, as compared to measurement of the "simpler" 
effect corresponding to isotropic anchoring, is that rela- 
tive effects are more easily detectable. Indeed, while the 
weak signal of the "Casimir" force can be swamped by 
stronger effects (Van der Waals, etc.), the difference be- 
tween measurements performed at 0 = 0 and 9 = 90° 
should provide a differential evidence of the Casimir scal- 
ing. 
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1. Introduction 



ISIrtheTarnT 5"°* 7? ^ liquM < LCs > have been syn- 

mesised at the Raman Research Institute in Bangalore [1]. During these two and half 

decades^ more than 3000 discotic LCs have been prepared and chafacteri l7[2 

as nLt? TT S 3 ^ famUy ° f 11,1101101131 materials with ^ense applications such 

allv^S flexiWe l! y t C T ed ° f 3 *- C0n J' u g ated core substituted with usu- 
S2r ? P ChamS 3t ltS P eri P he ry- Probably because of intense n-n 

interactions a majority of these materials (about 95%) form columnar mesophases and 
only a small number show a nematic phase. In the columnar phases molecXare stacked 
one on top of the other into columns and the columns posses ^o-dimeSnal bn™ 
posifonal order. In the discotic nematic phase, there is only an orientauonaTo def ITU 
discs with no long-range translational order. The negative birettngence film fo^nea tv 
polyrnensed nematic d.scotic LCs has been commercialised as compensation fri™to en 
arge the v.ewmg angle of twisted nematic liquid crystal displays (LCDs) [Si We ha Ve " 
recently proposed a wide viewing liquid crystal display device based on disco^matic 
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2. Design and synthesis of discotic nematic liquid crystals 

Molecular assembly of columnar phase forming discotic LCs with basic structural features, 
flat or nearly flat aromatic cores surrounded by flexible alkyl chains is often simple and a 
number of monomeric discotic LCs displaying columnar phases have been prepared using 
this technique. Discotic dimers in which two molecules are connected to each other via a 
long flexible alkyl chain spacer also form columnar phases as the molecules have sufficient 
flexibility to stack in adjacent columns [7]. Similarly, discotic oligomers and polymers are 
also reported to form columnar mesophases [8]. 

It was anticipated that linking two discotic molecules via a short rigid spacer might expe- 
rience some steric hindrance due to overlapping or interdigitating aliphatic side chains and 
a weak distortion of the planarity of the core. This may reduce the strong n-n interactions. 
The rigid molecules may stay in more or less parallel position having orientational order 
but may lose their long range translation^ order and, therefore, likely to form discotic 
nematic phase. Compounds 2a-* were designed to verify this idea [9]. These twins were 
prepared by the dimerisation of free monoacetylenes la-c which in turn can be prepared 
from monobromopentaalkoxytriphenylenes [9]. 




As predicted, all the dimers form discotic nematic phase over a wide temperature range 
The crystalline compounds 2a, 2b and 2c melt at 188.6, 161 and 135.3 °C respectively to 
nematic phase. The liquid crystalline phase changes to isotropic phase at 243.5, 215.9 and 
172.8° respectively. Upon cooling the isotropic liquid, classical Schlieren texture was ob- 
served in all the cases. The crystallisation occurs at 172.8, 152.8 and 126.5°C respectively 
in all the three materials on further cooling. 



3. Design and synthesis of room-temperature discotic nematic liquid crystals 

Benzene-centred multiynes are the mesogens of choice to prepare room-temperature dis- 
cotic nematic liquid crystals as a number of compounds of this class are already known to 
show stable discotic nematic phase [2, 10]. Therefore, some minor structural modifications 
may lead to materials having room-temperature discotic nematic phase. 

The use of branched chains in liquid crystals often reduces melting and isotropic temper- 
atures. The decrease in the transition temperature could be due to the disorder caused by 
branched chains and stereoheterogeneity. This methodology has been successfully applied 
to reduce melting and isotropic temperatures of several discotic liquid crystals forming 
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columnar mesophases [11]. Compounds 3a and 3b were designed and prepared to check if 
this technique is also effective in the case of alkoxymultiynes-based discotic nematic liquid 
crystals. Disappointingly, compound 3b having 3,7,1 1-trimethyldodecane periphery was 
found to be non-hquid crystalline and compound 3a with 3,7-dimethyloctane periphery 

™^Sop h ' 8h ' ten ;? eia ! Ure mes °P hase - 11 melts at 8 «°C to a nematic phase which 
clears at 124 C. On cooling the nematic phase appears at 123°C and crystallises at 64°C. 




uM^ZZT w 6 T d the C3Se ° f Several ^Phenylene-based discotic nematic liq- 

icl lyS ' sllT yl S ;5 StitUt [° n reduC6S * e transition temperatures sign f- 
icantly [12] Surpnsmgly, compound 3c with a lateral methyl group and branched-alkoxv 
chain substitution does not show any such effect. In fact, Ye isotrop' Zpc^Z 

ST °\ S^rT 8r ° UP SUbStitUti ° n » heWylbenzene.^omToundTc on 
hea tog exhibits a N D phase at 71°C. Its. colour changes from light yellow to brownfh on 

J^^t™" 0 * 147 - 16 °° C) j — ^» -comS n°of 

From the reported thermal data of alkyl- and alkoxy-substituted hexalkynylbenzene 

SSThL ^Sv" ** When ^ Peripheral 3lkyl Chains are attached to me S 
nng ui the hexaalkynylbenzene via oxygen atom, the melting and clearing temperatures are 
higher compared to when the alkyl chains are directly attached to the ring. For See 
the thermal behaviour of the heptyl-substituted hexaalkynylbenzene is Cr I^C N m^ 

mJ^L A ?' g T' 38 mentloned above > it is also known that when the peripheral 
aliphatic side chains of various cores are branched, the mesophase is widened but the type 

M H 0I T\ 1S n0t ,f ffeCted by iDtr0duCtion of branching in many oils 
branched alkyl chains connected directly to the phenyl ring, the melting pointe of aZyl- 
benzene denvatives may reduce and thus, stabilise the mesophase. Compound 4 deSed 
on this basis was indeed found to exhibit a nematic phase at ambient tempera toe Itrep- 
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resents the first example of a room-temperature discotic nematic liquid crystal [13] The 
compound exhibits the iV D phase between - 12°C and 68 4 C. 

A number of pentaalkynylbenzene derivatives are known to show N D phase [10] In 
these multiynes, five positions of a benzene ring are usually substituted with phenylalkynyl 
moieties and the remaining one position by a normal alkoxy chain. From the thermal data 
of known derivatives, as expected, it can be seen that increasing the length of normal 
alkoxy chain, decreases the melting and isotropic temperatures. An interesting example 
in this series is compound 5 which shows a phase transition Tg - 36°C N n 23°C I [101 
It is expected that shortening the «-hexadecyl chain would increase the isotropic tempera- 
hire and thus stabilise the N 0 phase at room temperature. Accordingly, compound 6 was 
designed and prepared. The synthesis involves alkylation of pentabromophenol with de- 
cylbromide followed by the five-fold condensation of branched-alkoxy chain-substituted 
phenylacetylene using Sonogashira reaction conditions. The compound was found to be 
discotic nematic at room temperature. Its differential scanning calorimetry exhibits a glass 
transition at about -35°C and the isotropic temperature at 40°C 




4. Conclusion 



It has been shown that the less common discotic nematic phase can be created by a careful 
synthetic design Discotic dimers in which two columnar phase forming molecules were 
connectedto each other via a short rigid spacer exhibit discotic nematic phase. The discotic 
nematic phase of hexa- and penta-alkynylbenzenes can be stabilised well below and above 
the room temperature either by attaching branched-alkyl chain directly to the phenyl ring 
or by a combination of normal and branched-alkoxy chains substitution. These materials 
may be useful for wide viewing LCD devices. 
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